The aim of our study was to determine which microsomal cytochrome P450 isozymeCs) were responsible for the microsomal oxidation of indole to indoxyl, an important intermediate in the information of the uremic toxin indoxyl sulfate. Indole was incubated together with an NADPH -generating system and rat liver microsomes. Formation of indigo, an auto-oxidation product of indoxyl, was used to determine the indole-3-hydroxylation activity. Apparent Km and V max values of 0.85 mM and 1152 pmol min-I mg-I were calculated for the formation of indoxyI from indole using rat liver microsomes. The effects of various potential inducers and inhibitors on the metabolism of indole to indoxyl by rat liver microsomes were studied to elucidate the enzymes responsible for metabolism. Studies with general and isozyme-specific P450 inhibitors demostrated that P450 enzymes and not FMO are responsible for the formation of indoxyl. In the induction studies, rate of indoxyl formation in the microsomes from untreated vs induced rats correlated nearly exactly with the CYP2El activity C4-nitrophenol 2-hydroxylation). These results suggests that CYP2E 1 is the major isoform for the microsomal oxidation of indole to indoxyl.
INTRODUCTION
Indole, a metabolic intermediate from dietary bladder tryphophan, is indicated as a potent cocarcinogen for the urinary bladder in animal models (1) . Co-administration of indole and 2-acetylaminofluorene to rats and hamsters demostrated that indole is a co-carcinogen for the bladder (2, 3) . Indole is formed from dietary tryptophan by the intestinal microflora and is excreted in the urine as the hydroxylated (3-hydroxyindole, also called indoxyl) and conjugated metabolite (indoxyl sulfate, also called indican) as summarized in Fig. 1A (4, 5) . Indoxyl sulfate is a uremic toxin that stimulates the progression of glomerular necrosis and renal failure in uremic patients (6) (7) (8) . It is speculated that the initial tryptophan metabolite indole is absorbed, hydroxylated by cytochrome P-450 (P450, CYP) enzymes, conjugated by sulfotransferases (SULT), and excreted by the kidneys (4, 9, 10) . However, it is not clear which ;:+~ CO -cxS-~~ '==(J ~... isoform(s) of CYP are involved in the oxidative metabolism.
Cytochrome P450 enzymes playa major role in the metabolism of a wide range of xenobiotics, drugs, and enndogenous molecules (11, 12) . While this enzyme family plays a key role in the detoxication of xenobiotics and is responsible for the inactivation of most therapeutic drugs, P450s also transform certain xenobiotics to reactive intermediates that can cause toxicity. For examble, CYP isoforms have been implicated in the metabolic activation of heterocyclic amines (CYPI AI, CYP lA2), polycyclic aromatic hydrocarbons (CYP3A4, CYP1A1), and Nnitrosamines (CYP2El) in rodents and humans (13, 14) . Two reports have provided preliminary evidence that P450 enzymes are involved in the conversion of indole to indoxyl. Gillam et al (15) observed the production of blue pigment in bacterial cultures after preparation of coexpression systems for human P450 isoforms and the redox partner, NADPH-cytochrome P450 reductase (NPR). These investigators found that expression systems containing NPR and CYP2E 1 or CYP2A6 produced indigo and other metabolites in the presence of indole and NADPH (16) . However, no quantitative studies were reported. Separately, Li et al. (17) described a P450 BM-3 mutant which was capablle of hydroxylating indole, resulting in indigo formation. The Wild-type P450 BM-3 did not catalyze the oxidation of indole, and the structure of indole is quite different that typical P450 BM-3 substrates.
These preliminary observations on the metabolism of indole are of interest since indole and tryptophan have been implicated as etiological factors in experimental bladder carcinogenesis, and the ultimate metabolic product of indole, indoxyl sulfate, causes glomerular necrosis and renal failure in uremic patients. In this study we used induced and uninduced rat liver microsomes and P450 inhibitors to examine the catalytic activity of specific P450 isoforms in the biotransformation of indole to indoxyl. Since several P450 isofroms show genetic polymorphism (18) and are highly inducible by chemicals (11) , determination of the P450 isoform(s) responsible for the formation of indoxyl is of value to understand the risk of humans exposed to this metabolite of dietary tryptophan. We focussed speCifically on the 3-hydroxylation of indole because it serves as the critical intermediate in the formation of the toxin indoxyl sulfate. 
MATERIALS AND METHODS

Reagents and chemicals
Hepatic microsomes
Rats (male Sprague-Dawley, CD IGS) were obtained from Charles River (Wilmington, MA, USA) and were handled with IACUC approval. Microsomal fractions of rat liver (uninduced) were prepared in our laboratory as described previously (19) . Protein concentrations were determined by Biuret assay (Sigma Total Protein). Microsomal fractions were stored in 1 ml aliquots at 80°C and, after thawing, were kept at 4°C prior to enzyme incubations. Commercial isoniazid-induced, Arochlor 1254-induced and control (uninduced) microsomes were purchased from In Vitro Technologies (Baltimore, MD, USA). The commerdal microsomes were used only in the experiments studying the effect of P450 inducers on indole 3-hydroxylation; all other experiments utilized the microsomes prepared in our laboratory.
NADPH-generating system
The NADPH-generating system consisted of 1 mM NADP+,5 mM glucose-6-phosphate and glucose-6-phosphate dehydrogenase (1 unit/mI). Stock solutions of these components were pre-mixed and pre-incubated for 7 min to generate NADPH prior to initiating microsomal reactions. NADPH generation was measured at 340 nm, and calculated from the extinction coefficient (£ = 6.2 mM-i cm-i ). The amount of NADPH production was greater than 0.2 mM in all microsomal incubations.
Incubation procedure for indole-3-hydroxylation
Liver microsomes (1-1.5 mg) were incubated at 37± 1°C for 20-30 min in 1 ml mixtures (final volume) containing phosphate buffer (100 mM, pH 7.4), NADP+ (1 mM), glucose-6-phosphate (5 mM), glucose-6-phosphate dehydrogenase (l unit/ml), and indole (0.1 mM -2.5 mM), at the final concentrations indicated. Reactions were started by addition of the NADPH-generating system_ Enzymatic activity was terminated by transferring the incubation tubes to crushed ice and immediately extracting with chloroform (3 x 1 ml)_ The organic layers were pooled, the solvent evaporated under a gentle steam of nitrogen in a water bath at 40°C, and the residue was reconstituted in 1 ml DMSO_ To confirm that product was not lost in the pelleted protein, the protein precipitate was washed with 1 ml DMSo. Indoxyl is quantitatively converted to indigo by auto-oxidation under these conditions (20) , and formation of indoxyl was determined from the absorption of indigo at 660nm (f= 258 mM-1 cm-I ),
All inhibitors were dissolved in either phosphate buffer or methanol to give final concentration of 1 mM in the incubation mixture. The final assay concentration of methanol was less than 1 % (v/v). Inhibitors and concentrations were chosen to distinguish between P450 and microsomal flavin-containing monooxygenase (FMO) activities, and between specific P450 isoforms (21).
Assay for CYP2El-mediated p-nitrophenol hydroxylation
Hydroxylation of p-nitrophenol, a specific substrate for CYP2E 1, was measured by a published method (23) . Liver microsomes (1.5 mg) were incubated at 37± 1°C in 1 ml incubation mixtures (final volume) containing potassium phosphate buffer (50 mM, pH 7.4), EDTA (1 mM), ascorbic acid (1 mM), NADP+ (lmM), glucose-6-phosphate (5 mM), glucose-6-phosphate dehydrogenase (l unit/ml) and p-nitrophenol (0.1 mM), at the final concentrations indicated. Reactions were started by addition of the NADPH -generating system and were stopped after 10 min by addition of 1 ml of 6% perchloric acid. Tubes were vortex-mixed and the precipitated protein removed by centrifugation (5 min at 4,000 g). Supernatant (l ml) was transferred into a 1.5 ml polystyrene cuvette (Fisher Scientific) followed by addition of 0.2 ml of ION NaOH. After mixing, the absorbance was measured at 546 nm. Zero-time incubations served as blanks_ Concentration of the product 4-nitrocatechol was calculated from the extinction coefficient at 546 nm (f = 953 mM-1 cm-I ) (23) .
RESULTS
In vitro metabolism of indole to indoxyl
The metabolism of indole to indoxyl (3-hydroxyindole), precursor for indoxyl sulfate, was assessed in vitro using induced and uninduced rat hepatic microsomes. Formation of indoxyl was determined by an indirect UV method that measured the formation of indigo, a spontaneous autooxidation productof indoxyl (20) . under P450 assay conditions. The rate of indoxyl formation was calculated from the initial rate of absorbance change at 660 nm (f = 2.58 mM-I cm-I ) caused by formation of indigo. We optimized the conditions for this assay method in our laboratory. No other possible microsomal metabolites of indole absorbed at this wavelength, and indoxyl was quantitatively converted to indigo by auto-oxidation under these conditions. Under the conditions described, 3-hydroxylation of indole was linear up to 30 minutes, after which it declined. Therefore, all incubations were carried out using incubation times of 20 or 30 min. In addition, 3-hydroxylation of indole was linear with respect to microsomal protein concentration up to 15 mg per incubate, and therefore, all incubations were carried out with 1-15 mg microsomal protein per 1 ml assay.
Initial velocity kinetic analysis of the 3-hydroxylation of indole by rat liver microsomes is shown in Fig. 2 . Apparent Km and V max values were obtained by nonlinear least squares curve-fitting (24) ofthe data to the MichaelisMenten equation. Based on these results, it was determined that rat liver microsomes were able to efficiently metabolize indole to indoxyl (apparent Km = 0.85±0.12 mM, V max = 1152±66 pmol min-I mg-I ).
Effect of various potential inhibitors in the metabolism of indole to indoxyl
As the catalytic specificity of P450 and FMO often overlap, it is of interest to distinguish the involvement of these two enzyme families in the oxidative reactions of xenobiotics. hydroxylation. The effects of potential inhibitors on the metabolism of indole to indoxyl with rat liver microsomes are illustrated in Fig. 3 . The results with n-octylamine suggest that FMO does not contribute to the microsomal 3-hydroxylation of indole; n-octylamine increases FMO activity rather than inhibits it (25) . The conclusion that P450 and not FMO catalyzes the 3-hydroxylation of indole is strengthened by the results showing that all of the general P450 inhibitors (N-benzylimidazole, n-octylamine, methimazole, and SKF525-A) significantly reduced 3-hydroxylation of indole (35-90%). Of the isoform-specific P450 inhibitors, DDTC was the most potent inhibitor of the formation of indoxyl from indole (85% inhibition). DDTC was found to be a specific inhibitor of CYP2El, and this result suggests that CYP2El is an important isoform involved in the microsomal oxidation of indole to indoxyl. However, the CYP2B inhibitor aniline showed 50% inhibition of the formation of indoxyl, indicative that the involvement of CYP2B cannot be ruled out. Nifedipine, tolbutamide, and haloperidol had almost no effect (0-10% inhibition) on the formation of indoxyl, which suggests that the CYP3A, 2C, and 2D families do not significantly contribute to the microsomal 3-hydroxylation of indole.
Effect of cytochrome P450 inducers on the metabolism of indole to indoxyl
Enzyme induction causes an increased rate of synthesis of an enzyme and thus an increase in total enzyme activity relative to the uninduced organism. In this study, we used microsomes from Arochlor 1254 and isoniazid-treated animals in order to further establish the P450 isozymes involved in the in vitro metabolism of indole to indoxyl. Arochlor 1254 is widely used as a mixed type of inducing agent that induces a wide range of P450 isoforms (26, 27) . Isoniazid, in contrast, has been found to be a specific inducer of the CYP2E 1 isoform (28). These two inducing agents were chosen based on our inhibitor results and on the preliminary evidence that CYP2E 1 expression systems formed indigo after metabolism of indole (15) . The effect of these inducers in the formation of indoxyl is demonstrated in Fig. 4 .where the activities are expressed on the left axis as pmol of indoxyl formed min-I mg-I. Maximum indoxyl formation was observed with the isoniazid-induced rat liver microsomes, 6-fold greater than the uninduced microsomes from In Vitro Technologies (IVT). However, the rate of indoxyl formation by the microsomes prepared in our laboratory from untreated (uninduced) animals was nearly as high as that in the IVT isoniazid-induced microsomes.
Considering the inhibitor results, we used a specific substrate for CYP2El, p-nitrophenol, to determine the level of CYP2E 1 activity in our freshly preparedmicrosomes and the microsomes obtained commercially. Our results demonstrated that indoxyl formation was propgrtional to the CYP2EI activity in all rat liver microsomal preparations (Fig. 4 insert, r = 0.993). We also c~culated the correlation of the indole 3-hydroxylation activity in rat liver microsomes with the activities provided by IVT of several other P450 isoforms (2E 1, chlorzoxazone 6-hydroxylation; 2D6, dextromethorphan O-demethylation; 2C19, mephenytoin 4-hydroxylation; 1A2, phenacetin O-deethylation; 3A4, testosterone 6~ hydroxylation; 1A1, ethoxyresorufin O-deethylation). Only the activity for CYP2E 1 positively correlated with microsomal indole 3-hydroxylation activity (r = 0.991); correlation constants for the others were less than 0.55. These results suggest that CYP2E 1 is the major enzyme catalyzing 3-hydroxylation of indole in rat liver microsomes.
DISCUSSION
Cytochrome P450 2E1 (CYP2E1) is a phase I detoxification enzyme, which is expressed in human liver and extrahepatic tissues such as the kidney, lungs and lymphocytes. CYP2E1 exhibits significant inter-individual variation in expression, and is induced by chronic alcohol consumption. Moreover, CYP2E1 mRNA levels are elevated in response to pathophysiological conditions in which lipids and ketone bodies are increased (such as diabetes, high-fat diet, and fasting) primarily due to stabilization ofthe CYP2E1 mRNA (29, 30) . CYP2E1 is responsible for the metabolic activation of numerous foreign compounds to intermediates that can be toxic to cells (11, 31) . CYP2E1 has been purified from several species induding rodents and humans and the amino add sequence similarity is -80% (32) . The function and regulation of CYP2E 1 are well conserved among mammalian species. We now report an additional toxicological role for rat liver CYP2E 1, metabolizing the tryptophan metabolite indole to 3-hydroxyindole, an intermediate in the formation of indoxyl sulfate. Indoxyl sulfate is a known uremic toxin that stimulates the progression of glomerular necrosis in humans and rat models and may also be involved in the etiology of bladder cardnogenesis.
In the present study, the microsomal metabolism of indole to indoxyl (3-hydroxyindole) was investigated using rat liver microsomes and various P450 inducers and inhibitors. Our results indicate that FMO does not contribute to the microsomal biotransformation of indole to indoxyl, rather that the reaction is dependent on P450 activity. Recent studies (16) with bacterial expression systems for human P450 isoforms have indicated that indigo formation can be catalyzed in cultures containing CYP2A6, 2C19, 2E1, or2D6. However, our results indicate that only CYP2E 1 contributes significantly to the hepatic microsomal3-hydroxylation of indole in rats. Since 3-hydroxyindole is the only oxidative metabolite in the pathway for production of the uremic toxin indoxyl sulfate, and CYP2E1 activity varies widely among individuals, CYP2E 1 activity may be an additional risk factor in individuals susceptible to progressive renal dysfunction. Similar studies need to be undertaken to determine whether CYP2E lis the isoform responsible for human microsomal metabolism of indole to indoxyl.
